Especially during outdoor concrete production in winter, mottled dark discoloration frequently spoils the appearance of fair-face concrete surfaces. At the Centre for Building Materials (cbm) of the Technical University of Munich, the dark discoloration that occurs in practice is characterized in terms of surface structure, near-surface microstructure and chemical composition. By varying the conditions of concrete production and storage, it was possible to simulate the discoloration in the laboratory and thus determine the main factors responsible for the mottled appearance. By comparing the results of field and laboratory investigations, the transport and crystallization processes in hardening concrete that lead to the discoloration of fair-face concrete surfaces were determined.
Introduction
Fair-face concrete has recently gained popularity in the architectural design of modern buildings. Concrete, the artificial stone that can be moulded as desired by the formwork, is particularly suitable for the realization of constructive and architectural conceptions. Smooth fairface concrete surfaces produced in non-absorbent formwork, low in surface voids and of uniform colour, are particularly desirable for prestige constructions. Contemporary examples that have attracted much interest are to be found, for example, at the Art and Exhibition Gallery of the Langen Foundation in Neuss, Germany, the German Historical Museum in Berlin, and the Phaeno Science Center in Wolfsburg. Although fair-face concrete places considerable demands on design and construction as well as increasing expenses, surface discoloration often occurs, in particular at young concrete ages. This spoils the overall appearance of the concrete surface (Schmidt-Morsbach 1987) , see Fig. 1 .
Surface discoloration encountered in new or recent constructions is often mentioned in the literature. The discoloration is usually in the form of white efflorescence caused by the deposition of calcium carbonate on the concrete surface (Dow and Glasser 2002; Kresse 1984; Kresse 1987; PCA 1987) . The explanation of this phenomenon is usually qualitative and of an empirical nature. However, Dow and Glasser developed a physicochemical model describing the essential mechanisms responsible for the deposition of white carbonate on concrete surfaces and enabling quantification of the effects. According to Dow and Glasser, the white discoloration forms only if the surface is covered with a thin water film deposited by, for example, dew, fog or rain. Alkalis from the cement dissolve in the water film, which increases the solubility of CO 2 in the water, i.e. it is not longer in equilibrium with the partial pressure of CO 2 in the air. Thus atmospheric CO 2 dissolves in the water and diffuses as CO 3 2-towards the cement where, upon meeting Ca 2+ ions, it precipitates as CaCO 3 on the concrete surface.
In the literature, the mottled dark discoloration of young concrete surfaces has up to now only been mentioned with regard to the addition of calcium chloride used as an accelerator in the production of concrete flatwork (Greening and Landgren 1996) . The dark discoloration is attributed to the presence of unhydrated ferrites (C 4 AF) on the concrete surface. of Greening and Landgren show that although calcium chloride accelerates the hydration of the silicates, it retards the hydration of the ferrites. Special finishing techniques, e.g. hard trowelling, can reduce the w/c ratio at the surface so that after the consumption of the mixing water by the silicates, no water is available for the delayed hydration of the ferrites. Unhydrated ferrites are visible as a dark surface discoloration.
However, areas of mottled dark discoloration on fairface concrete have also been observed on vertical or inclined surfaces not in contact with water from rain, etc., where the presence of a water film can be excluded. Moreover, the concrete was not produced with such admixtures. Construction practice experience shows that the dark discoloration appears at young concrete ages and is more pronounced if the fair-face concrete is produced in winter, Fig. 2 . In contrast, surfaces produced in summer are predominantly uniform in appearance. Up to now, it has not been possible to prevent or predict such discoloration by using contemporary technology for concrete design, production or formworks.
Since the development of specific measures to prevent the discoloration of fair-face concrete is only possible if the responsible mechanisms are known, an extensive research programme was carried out at the Centre for Building Materials (cbm) of the Technical University of Munich in order to shed light on the formation process.
Investigations

Investigations with field specimens
Specimens were taken from differently coloured regions on the surface of existing concrete structures with discoloured surfaces for analysis and characterization. A total of four different concrete structures were considered whose surfaces exhibited non-discoloured as well mottled regions. The concrete structures were between four months and four years old when the specimens were taken. The dark discoloured and the nondiscoloured light regions were investigated using optical microscopy, scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX) to characterise surface structure, near-surface microstructure and surface chemical composition.
Laboratory investigations 2.2.1 Preparation of specimens
The mottled dark discoloration observed in practice was simulated using two laboratory concrete mixes. Both concretes fulfilled the recommendations of the DBV and BDZ guidelines for fair-face concrete published in 2004 (DBV and BDZ 2004) . The concrete compositions are in Table 1 . Concrete B was the reference concrete used in a joint research project, "fair-face concrete," in which six German research institutes took part.
The concrete specimens were produced using cubic steel moulds (25 cm) whose inside surfaces were fitted with plywood coated with 360 g/m 2 phenolic resin. The joints in the mould sides and base plate were sealed with silicone to prevent loss of water or cement paste. The inner dimensions of the moulds were 21 × 21 × 25 cm 3 (l × b × h). A commercial mineral oil based release agent containing solvent was used. It was evenly applied using an absorbent paper towel about one hour before pouring. The mould was filled in two layers and compacted with a poker vibrator. Afterwards, the fresh concrete surface was covered with a glass plate. The specimens were demoulded after two days and placed in a climatic chamber with controlled relative humidity and temperature.
Variation of the conditions of production and storage
The effect of climatic conditions after demoulding, the method of concrete production and concrete technological measures on the formation of the dark discoloration was investigated. Since outdoor temperature and relative humidity vary significantly over the calendar year (Fig. 13) , the investigations were divided into summer and winter concreting with different conditions for production, hardening and storage after demoulding, Table 2 .
The relative humidity in the chamber was set to either 65%, 85% or 95% for the conditions simulating both summer and winter concreting. To simulate a wind velocity of 3.5 m/s, a commercial ventilator was placed at a distance of approximately one metre from a specimen maintained at 2°C and 95% RH. After determination of the most unfavourable climate for the production of non-discoloured surfaces, the time required for the appearance of the dark discoloration was determined. For this purpose, specimens were initially stored 24 hours, 4 days or 28 days under the unfavourable climatic conditions. Afterwards they were kept in a climate known to result in uniform, non-discoloured surfaces.
To investigate whether the temperature up to the time of demoulding can affect the appearance of the concrete surface in winter, the fresh concrete temperature and/or the temperature during hardening in the mould were set to 20°C (reference: 2°C). In the latter case the mould was externally heated. The amount of release agent was varied from the reference coating (5 g/m 2 ) to between 0 (i.e. none) and 30 g/m 2 , the latter being 100% more than the amount recommended by the manufacturer. Different methods of curing were used: none (reference), curing under a plastic sheet in contact with the concrete surface or with a 10 mm gap between the sheet and the concrete. The specimens were photographed immediately after demoulding and then periodically photographed again until no further changes in appearance were discernible in the four weeks following the last photograph.
Results
Properties of the light and dark regions
The chemical composition of the dark and light regions is very different. For specimens taken from concrete of the same mix composition, the Ca/Si ratio in the discoloured regions is higher than in the non-discoloured regions. According to Locher (2000) , the Ca/Si ratio of calcium silicate hydrates (C-S-H) formed during the hydration of cement is between 0.8 and 2.0. However, on average, the Ca/Si ratio was found to be higher than 2.0 in the darker regions, Fig. 3 . This can be explained by a larger amount of Ca(OH) 2 in surface pores in the fresh concrete surface region which is later converted into CaCO 3 by carbonation. The SEM investigations excluded enrichment of calcite aggregate in the region of dark discoloration as the reason for the higher calcium content in these regions.
The SEM investigation of pieces of fractured material revealed that the surface of the dark regions has a denser and smoother structure than the lighter non-discoloured regions, Fig. 4 , centre. At 1000 times magnification, the non-discoloured regions appear porous with clearly visible capillary openings, whereas the dark discoloured regions are more compact. Figure 4 (bottom) shows SEM micrographs of thin sections produced at right angles to the surface. The near-surface microstructure down to approximately 30 µm is shown. As in the direct view of the surface, the capillary pores (dark in the micrographs) are clearly visible in the non-discoloured region. In contrast, the microstructure of the binder paste matrix in the dark region is much denser and more compact. The dense microstructure extends to depths between 100 and 200 µm, after which it is similar to that of the nondiscoloured region, Fig. 5 .
By removing material from the surface of a discoloured concrete surface with a precision grinding machine, it was found that the mottled appearance was purely a surface phenomenon. After removing 200 µm of material, the surface was more uniform in appearance, Fig. 6 .
Factors affecting the formation of dark discoloration 3.2.1 Effect of climate
The future appearance of fair-face concrete depends on the temperature and relative humidity of the air directly after formwork removal. Irrespective of the storage temperature following demoulding, all surfaces made with concrete A exposed to 65% RH were uniformly coloured without signs of dark discoloration, Fig. 7 , left.
In the case of the "summer concreting," slight discoloration occurred only after storing at a relative humidity of 95% following demoulding, Fig. 7 , top right. For "winter concreting" at 2°C, however, slight discoloration was already apparent at 85% RH, Fig. 7 , bottom centre. The worst appearance, with a pronounced almost black mottled discoloration covering the whole specimen, was observed after exposure to damp winter conditions of 2°C and 95% RH, Fig. 7 , bottom right. However, this very intense discoloration can be reduced by the effect of wind, Fig. 8 .
The experimental results indicate that unfavourable climatic conditions (low temperatures together with high relative humidities) are the reason for the increased occurrence of mottled dark discoloration in winter. In summer, high temperatures and low relative humidities favour the production of uniform, non-discoloured fairface concrete surfaces.
It was found that the climatic conditions after demoulding, especially during the first 24 hours, are decisive for the final appearance of concrete. Specimens exposed for one day to 2°C and 95% RH and then to 20°C and 85% RH retain their mottled appearance permanently, Fig. 9 . Extending the storage period in unfavourable climates worsens the appearance of the concrete surface.
Effect of production methods
In general, better quality surfaces were obtained by increasing the fresh concrete temperature and/or the temperature during hardening in the mould. Despite this, exposure of the concrete to unfavourable conditions after demoulding still led to mottled dark discoloration. Thus if the concrete is exposed to unfavourable conditions after demoulding, it is not possible to improve its appearance by using higher temperatures during concreting.
Increasing the amount of release agent by amounts up to 100% over the maximum recommended by the manufacturer was found to have no effect on the appearance of the concrete surface.
Curing under a plastic sheet, either in direct contact with the concrete surface or with a gap, worsened the appearance of the surface compared with the omission of curing measures. In particular, the degree of discoloration increased owing to the high relative humidity at the concrete surface under the sheet, Fig. 10 . According to DIN 1045 DIN -3 (2001 , section 8.7.2, a relative humidity of at least 85% at the concrete surface is necessary for adequate curing. Although relative humidities below 85%, i.e. no curing, lead to improvement of the appearance of surface concrete, the accompanying loss of concrete quality due to drying is unacceptable.
Effect of technological parameters of concrete
Whether, and to what extent, mottled dark discoloration occurs for given environmental conditions depends largely on the concrete composition. Irrespective of the conditions of production and hardening, storage at 2°C/95% RH after demoulding also resulted in a mottled appearance for concrete B, Fig. 11 , bottom right. However the appearance of concrete B was more resilient to changes in the drying environment. Whereas concrete A already exhibited slight discoloration following exposure to a typical winter climate (2°C/85% RH, Fig. 11 , top left), concrete B still possessed a uniform non-discoloured surface under these conditions, Fig. 11 promote the formation of uniform non-discoloured surfaces.
Discussion
Correlation of properties with concrete colour
The dark discoloured regions of the fair-face concrete surfaces are characterised by a smoother surface structure and a denser near-surface microstructure together with an increased amount of calcium. It will be shown that these properties are directly or indirectly responsible for the mottled dark discoloration.
The structure or roughness of a surface determines the way in which it reflects light: diffuse reflection or specular reflection. Specular reflection of visible light only occurs when the characteristic size of the surface structure is smaller than the wavelength of light (380 to 750 nm, Eichler et al. 1993) . As surface roughness increases compared with the wavelength of light, the amount of diffusely scattered light with respect to specular reflection becomes larger, Fig. 12 .
Studies of the perception of optical properties have shown that the degree of brightness experienced by people correlates primarily with the diffuse reflectivity of surfaces (Todd et al. 2004) . Thus surfaces with a smaller proportion of diffuse scattering appear darker to the observer, especially when the surface is smooth and flat. This effect was observed during investigations with ultra-high performance concrete (Schießl and Strehlein 2005) . Concrete surfaces with the same composition, but containing areas with different surface roughness, were prepared using non-absorptive formwork materials of different surface roughness. The rougher concrete surfaces were found to be lighter than the smoother surfaces. This effect may often be observed in nature, e.g. smooth leather appears dark, whereas a roughened area on the same surface appears lighter.
The second property that affects surface colour is the near-surface microstructure. Capillary condensation occurs in narrow pores with sizes below 100 nm. For materials with a distribution of pore sizes in equilibrium with a given water vapour pressure, the well-known Kelvin equation yields a limiting pore radius below which pores are filled with condensate and above which they are empty. Higher relative humidities and lower temperatures lead to an increase in limiting pore size. The present investigations of surface texture and nearsurface microstructure show that the dark regions contain a more compact matrix and finer pores than the light regions, see Fig. 4 , bottom. Owing to low temperatures and high relative humidities in winter (Fig. 13) , the dark regions contain more water than the light regions because more pores are below the limiting radius and thus contain condensate. Thus the near-surface microstructure leads to seasonal differences in water content.
The water content in the near-surface microstructure affects directly the colour of the surface concrete. The reflection of light from surfaces covered with a thin water film is lower than from dry surfaces, see Strehlein and Schießl (2007) . Light transmitted through the water film is reflected at the concrete surface back towards the air/water interface (different optical densities) where, depending on the angle of incidence, total reflection occurs, Fig. 14 , and the total intensity reaching the observer is reduced. Consequently, dark regions with a more compact microstructure and finer pores and thus a higher water content reflect less light and therefore ap-
Without curing
Curing under plastic sheet 10 cm pear darker than the light regions, which are more porous and dry. Local variations in water vapour uptake of concrete surface during winter (relative humidity > 85%) can also explain the lighter appearance of the mottled discoloured regions in summer. During the summer months, the average relative humidity is lower than in winter (Fig. 13) so that the limiting radius for pores filled with condensate is lower-the dark regions are drier. In addition, the surface may be heated by exposure to the sun.
Thus the contrast between the dark and light regions is less striking in summer because the effect of moisture content on appearance is virtually absent so that the difference in colour is primarily due to a difference in surface structure.
A further property that can affect the brightness of a surface perceived by an observer is the composition of the near-surface concrete. The degree of absorption and reflection of light for opaque materials like concrete, i.e. the proportion of scattering with respect to incident light intensity, depends on the nature of the illuminated material. The light and dark regions of the specimens taken from the concrete structures varied considerably in surface structure as well as chemical composition. It was therefore not possible to determine whether and in which manner different compositions, i.e. different amounts of calcium hydroxide and calcium carbonate, could cause a dark colour. It may, however, be assumed that a systematic relationship exists between composition and surface texture or near-surface microstructure. Due to increased deposition of calcium-rich compounds on the concrete surface or in surface capillaries, the surface becomes smoother and its microstructure denser, which, according to the reasons described above, finally results in a darker colour.
In a laboratory investigation, it was possible to show that the amount of water in the near-surface microstructure is the main factor affecting the appearance of the concrete surface. A specimen with an age of roughly 12 months was chosen which exhibited clear mottled dark discoloration after six months storage at 20°C/85% RH, Fig. 15 , top. First, hot dry air was applied to the surface of the specimen using a commercial dryer. The speci-
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Ideal diffuse reflection men was then stored for 24 h at 40°C/100% RH. It was found that drying the surface with hot air strongly reduced the contrast of the surface discoloration, Fig. 15 , centre. The remaining differences in colour were due to variations in surface structure. Subsequent storage at 100% RH increased the water content of the surface regions of denser microstructure owing to capillary condensation, and the mottled dark discoloration reappeared, Fig. 15 , bottom.
Transport and crystallization in hardening concrete
The reason for the dark colour of the discoloured fairfaced concrete surface is the deposition of calcium hydroxide in the near-surface pores, see section 3.1. Calcium hydroxide forms during the hydration of cement and is partly dissolved in the pore solution. The transport of calcium hydroxide out of the inner concrete to the surface is only possible through the pore solution. During the first days of hydration, the pore solution is saturated or even supersaturated with calcium hydroxide (Diamond 1975; Gartner 1985) . If pore water is removed by, for example, evaporation or chemically due to the hydration process, calcium hydroxide precipitates at the location of water removal.
If the concrete is protected against drying after placement, it is water saturated at the time of demoulding. On removal from the formwork, evaporation immediately sets in if the relative humidity of the surrounding air is less than 100%. This leads to deposition of calcium hydroxide near the concrete surface. The evaporation at the concrete surface results in a moisture gradient between the surface concrete and the interior, which acts as the driving force for the capillary transport of pore solution containing dissolved calcium hydroxide to the surface-the wick effect occurs. This process continues as long as the amount of pore solution arriving at the surface is able to replace the amount of water lost by evaporation. If the transport of pore solution is insufficient, then the saturation front moves below the concrete surface so that evaporation and calcium hydroxide deposition occur in capillaries below the surface. The occurrence of dark discoloration owing to enhanced deposition of calcium hydroxide near the concrete surface can therefore be prevented by (a) a high rate of evaporation or (b) the reduction of pore solution transport to the surface by the rapid formation of a dense near-surface microstructure. Since the seasonal variation in climate affects both factors, it becomes clear why the mottled dark discoloration occurs predominately in winter. At this time of the year, higher relative humidities and lower temperatures reduce the rate of evaporation. In addition, low temperatures slow down hydration and therefore the formation of a dense microstructure that favours the transport of pore solution to the surface.
The above mechanisms of transport and crystallization explain why concrete surfaces exposed to high relative humidities and/or low temperatures after removal from the formwork have a higher amount of calcium, a smoother surface structure as well as a denser nearsurface microstructure. On the other hand, the pore saturation front and thus the location of calcium hydroxide precipitation are below the surface of concrete exposed to high temperatures and low relative humidities, Fig.  16 .
Grinding down the discoloured surface to a depth of 0.7 mm showed that the mottled appearance is brought about by the aggregate particles directly under the surface, which locally impede the transport of pore solution from inside the concrete to the surface. Unimpeded transport, deposition of calcium hydroxide in the nearsurface region and thus dark discoloration is only possible between the surface aggregate particles. The regions directly above the aggregate particles are not discoloured.
Conclusions
Especially during winter, mottled dark discoloured areas frequently spoil the appearance of fair-face concrete. Up to now, the origin of the discoloration was unknown. Based on the microscopic examination of specimens taken from concrete constructions in the field, a correlation was found between the occurrence of the dark discoloration on surfaces having a dense near-surface microstructure and the enhanced deposition of calcium hydroxide near the concrete surface.
The discoloration observed in the field was simulated in the laboratory using two different concrete compositions. The mixing, hardening and storage conditions after demoulding were varied in order to determine the main factors affecting the formation of the mottled dark discoloration. Irrespective of concrete composition, discoloration occurred on concrete surfaces exposed to a relative humidity of 95% and higher. It was found that although the tendency of the concrete surface to discolour can be reduced by appropriate measures in production and concrete technology, the climatic conditions after demoulding are decisive for the final appearance of the concrete surface.
The structure and chemical composition of the nearsurface concrete are linked to the final appearance of concrete. Unfavourable climatic conditions, i.e. high relative humidity and low temperatures, result in low evaporation rates and thus enhanced deposition of calcium hydroxide near the concrete surface due to capillary transport (wick effect) and crystallization at the surface. The structure of the concrete surface becomes more compact and dense.
In the discoloured regions, the lower diffuse scattering of light from a smooth surface and the larger amount of pore water in the binder paste matrix, which reduces the intensity of reflected light owing to multiple and total reflection, are the mechanisms that are responsible for the dark colour. 
